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PROCESS FOR GROWING TISSUE IN A 
BIOCOMPATIBLE MACROPOROUS POLYMER 
SCAFFOLD AND PRODUCTS THEREFROM 

CROSS REFERENCE TO RELATED U.S. 
PATENT APPLICATION 

[0001] This patent application is a continuation-in-part 
patent application of US. patent application Ser. No. 
08/191,107 ?led on Nov. 13, 1998 entitled BIODEGRAD 
ABLE POLYMER SCAF FOLD, Which is currently pending 
and Which is incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the use of a bio 
degradable polymer scaffold for tissue engineering applica 
tions. More particularly, the present invention relates to a 
novel macroporous polymer scaffold having a high level of 
interconnectivity betWeen macropores. 

BACKGROUND OF THE INVENTION 

[0003] Bone treatments for injuries, genetic malforma 
tions and diseases often require implantation of grafts. It is 
Well knoWn that autografts and allografts are the safest 
implants; hoWever, due to the limited supply and the risks of 
disease transmission and rejection encountered With these 
grafts, synthetic biomaterials have also been Widely used as 
implants. Complications in vivo Were observed With some of 
these biomaterials, as mechanical mismatches (stress shield 
ing) and appearance of Wear debris lead to bone atrophy, 
osteoporosis or osteolysis around the implants (Woo et al., 
1976; Terjesen et al., 1988). 
[0004] A neW approach, de?ned as Tissue Engineering 
(TE), has recently raised a lot of interest. Tissue engineering 
involves the development of a neW generation of biomate 
rials capable of speci?c interactions With biological tissues 
to yield functional tissue equivalents. The underlying con 
cept is that cells can be isolated from a patient, expanded in 
cell culture and seeded onto a scaffold prepared from a 
speci?c biomaterial to form a scaffold/biological composite 
called a “TE construct”. The construct can then be grafted 
into the same patient to function as a replacement tissue. 
Some such systems are useful for organ tissue replacement 
Where there is a limited availability of donor organs or 
Where, in some cases (eg young patients) inadequate natu 
ral replacements are available. The scaffold itself may act as 
a delivery vehicle for biologically active moieties from 
groWth factors, genes and drugs. This revolutionary 
approach to surgery has extensive applications With bene?ts 
to both patient Well-being and the advancement of health 
care systems. 

[0005] The application of tissue engineering to the groWth 
of bone tissue involves harvesting osteogenic stem cells, 
seeding them and alloWing them to groW to produce a neW 
tissue in vitro. The neWly obtained tissue can then be used 
as an autograft. Biodegradable polyesters—in particular 
poly(lactide-co-glycolide)s—have been used as scaffolds for 
tissue engineering of several different cell populations, for 
example: chondrocytes (as described by Freed et al. in the J. 
of Biomed. Mater. Res. 27:11-13,1993), hepatocytes (as 
described by Mooney et al. in the Journal of Biomedical 
Mat. Res. 29, 959-965, 1995) and most recently, bone 
marroW-derived cells (as described by Ishaug et al. in the J. 
Biomed. Mat. Res. 36: 17-28, 1997 and Holy et al., in Cells 
and Materials, 7, 223-234, 1997). Speci?cally, porous struc 
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tures of these polyesters Were prepared and seeded With 
cells; hoWever, When bone marroW-derived cells Were cul 
tured on these porous structures, bone ingroWth only 
occurred Within the outer edge of 3-D polymeric scaffold 
(Ishaug et al., supra; Holy et al., supra). Thus, the polymeric 
scaffolds prepared in these instances Were inadequate to 
alloW for the cell groWth required to render tissue suitable 
for implantation or for use as an autograft. 

[0006] The method of producing polymer scaffolds dis 
closed in Thomson et al., Fabrication of Biodegradable 
Polymer Scaffolds to Engineer Trabecular Bone”, J. Biom 
ater. Sci. Polymer Edn. Vol. 7, No.1 pp. 23-38, 1995 VSP, 
involves formation of gelatin beads, after Which a polymer 
is then “melted” at 80° C. and 333 g pressure around the 
beads after Which the bead/polymer composite is cooled 
doWn, and the gelatin is leached out in distilled deioniZed 
Water. The polymer is forming sheets of material around the 
beads and is in a solid state before the leaching of the 
beads/particulate. 

[0007] US. Pat. No. 5,338,772 issued to Bauer et al. is 
directed to an implant material Which is a composite of 
calcium phosphate ceramic particles and a bioadsorbable 
polymer. In the method of preparation disclosed in Bauer, 
calcium phosphate poWder is mixed With a polymer and the 
mixture is subjected to microWave energy Which melts the 
polymer to a liquid that forms a polymer coating around the 
particles With polymer bridges betWeen encased particles. 

SUMMARY OF THE INVENTION 

[0008] It has noW been found that polymer scaffolds 
characteriZed by macropores in the millimeter siZe range 
With interconnections as seen in trabecular bone, are par 
ticularly useful for tissue engineering as they alloW cell 
ingroWth Which is crucial for the development of three 
dimensional tissue. Such polymer scaffolds can be prepared 
using a novel process Which combines the techniques of 
phase-inversion and particulate-leaching. 

[0009] Accordingly, in one aspect of the present invention, 
there is provided a polymer scaffold comprising macropores, 
ranging in siZe betWeen 0.5 mm to 3.5 mm, and having an 
interconnecting porosity similar to that found in human 
trabecular bone. 

[0010] The present invention provides a macroporous 
polymer scaffold With a trabecular morphology having a 
porosity of at least 50%, including interrupted pore Walls 
and polymer struts de?ning macropores Which have a mean 
diameter in a range from about 0.5 to about 3.5 mm and are 
interconnected by macroporous passageWays. 

[0011] In another aspect of the present invention, a process 
for making a polymer scaffold is provided comprising the 
steps of 

[0012] mixing liquid polymer With particles to form 
a particulate-polymer mixture; 

[0013] submerging the particulate-polymer mixture 
in a polymer non-solvent to precipitate said polymer 
producing a solidi?ed particulate-polymer mixture; 
and 

[0014] submerging the solidi?ed particulate-polymer 
mixture into a particulate solvent for a time suf?cient 
to dissolve the particles. 
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[0015] In another aspect of the invention there is provided 
a process for growing tissue, With pervasive distribution, in 
a macroporous polymer scaffold including macropores to a 
depth of at least 2.5 times an average macropore siZe in the 
scaffold, comprising the steps of: 

[0016] synthesiZing a macroporous polymer scaffold 
With a trabecular morphology having a porosity of at 
least 50%, including interrupted pore Walls and 
polymer struts de?ning macropores Which have a 
mean diameter in a range from about 0.5 to about 3.5 
mm and are interconnected by macroporous passage 
Ways having a siZe in a range from about 200 pm to 
about 2 mm; 

[0017] 
and 

[001s] 

seeding the polymer scaffold With tissue cells; 

culturing said tissue cells. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] Embodiments of the present invention are 
described in greater detail With reference to the accompa 
nying draWings and computer digitiZed micrographs, in 
Which: 

[0020] FIG. 1 is a diagrammatic representation of a por 
tion of a polymer pore system illustrating different compo 
nents as de?ned hereinafter; 

[0021] FIG. 2 is a light micrograph of the bone trabeculae 
in the neck of the femora shoWing the isotropic and aniso 
tropic areas (Modi?ed light micrograph from Tobin W J, in 
J. Bone Jt Surg 37A(1)57-72, 1955); 
[0022] FIG. 3A is a light micrograph of a polymer in 
accordance With the present invention (?eld Width=1.8 cm); 

[0023] FIG. 3B is a light micrograph of a 20 pm section 
of the polymer scaffold of FIG. 3A (?eld Width=3.5 mm); 

[0024] FIG. 3C is a scanning electron micrograph of the 
pore Walls of the polymer scaffold of FIG. 3A; 

[0025] FIG. 4A is a chart illustrating the stress/strength 
curve of the polymer scaffolds When submitted to a com 
pressive test at a rate of 1% deformation per second; 

[0026] FIG. 4B is a chart illustrating the effect of polymer 
concentration on mechanical properties of polymer scaf 
folds. The Young Modulus of the ?rst elastic region is 
referred to Y1 and the Young Modulus of the second elastic 
region is referred to Y2; 

[0027] FIG. 5 is a scanning electron micrograph of the 
pore Wall structure of a scaffold prepared With a concentra 
tion of 0.05 g/ml PLGA 75:25 in DMSO; 

[0028] FIG. 6 is a scanning electron micrograph of the 
pore Wall structure of a scaffold prepared With a concentra 
tion of 0.2 g/ml PLGA 75:25 in DMSO; 

[0029] FIG. 7A is a scanning electron micrograph of 
PLGA 75/25 scaffolds obtained using particles less than 0.35 
mm; 

[0030] FIG. 7B is a scanning electron micrograph of 
PLGA 75/25 scaffolds obtained using particles ranging from 
0.54 t 0.8 mm; 

[0031] FIG. 7C is a scanning electron micrograph of 
PLGA 75/25 scaffolds obtained using particles ranging from 
0.8 to 2.0 mm; 
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[0032] FIG. 8 is a scanning electron micrograph of a 
PLGA 75/25 membrane prepared in absence of particles; 

[0033] FIG. 9A is a scanning electron micrograph of a 
PLGA 75/25 foam obtained at TmiX=11° C., and T 
0° C.; 

[0034] FIG. 9B is a scanning electron micrograph of a 
PLGA 75/25 foam obtained at TmiX=—20° C., and T 
=0° C.; 

nonsolvent_ 

nonsolvent 

[0035] FIG. 9C is a scanning electron micrograph of a 
PLGA 75/25 foam obtained at TmiX=—20° C., and T 
=40° c.; 

[0036] FIG. 10 is a scanning electron micrograph of 
lea?et CaP coating a PLGA 75/25 scaffold; 

nonsolvent 

[0037] FIG. 11 is a confocal micrograph of a DeX+ 
scaffold cultured for 42 days (?eld Width=1.8 mm); 

[0038] FIG. 12 is a UV-light illuminated light micrograph 
of a DeX+scaffold stained With tetracycline (Field Width=2.0 
cm); 
[0039] FIG. 13 is a light micrograph of an osteocalcin 
immunolabeled scaffold. (Field Width=1.1 cm); 

[0040] FIG. 14 is a light micrograph of a haematoXylin 
and eosin stained DeX+cultured scaffold section. (Field 
Width=0.8 cm); 

[0041] FIG. 15 is a light micrograph of a haematoXylin 
and eosin stained Dex-cultured scaffold section. (Field 
Width=0.6 cm); 

[0042] FIG. 16A is a scanning electron micrograph of a 
prior art PLGA 75/25 membranous scaffold created With 
particles less than 0.35 mm; 

[0043] FIG. 16B is a scanning electron micrograph of a 
prior art PLGA 75/25 membranous scaffold created With 
particles ranging in siZe from 0.54 to 0.8 mm. 

[0044] FIG. 16C is a scanning electron micrograph of a 
prior art PLGA 75/25 membranous scaffold created With 
particles ranging in siZe from 0.8 to 2.0 mm; 

[0045] FIG. 16D is a scanning electron micrograph of 
PLGA 75/25 Intermediate scaffold created With particles less 
than 0.35 mm; 

[0046] FIG. 16E is a scanning electron micrograph of 
PLGA 75/25 Intermediate scaffold created With particles 
ranging in siZe from 0.54 to 0.8 mm; 

[0047] FIG. 16F is a scanning electron micrograph of 
PLGA 75/25 Intermediate scaffold created With particles 
ranging in siZe from 0.8 to 2.0 mm; 

[0048] FIG. 16G is a scanning electron micrograph of 
PLGA 75/25 Bone-like scaffold created With particles less 
than 0.35 mm; 

[0049] FIG. 16H is a scanning electron micrograph of 
PLGA 75/25 Bone-like scaffold created With particles rang 
ing in siZe from 0.54 to 0.8 mm; and 

[0050] FIG. 161 is a scanning electron micrograph of 
PLGA 75/25 Bone-like scaffold created With particles rang 
ing in siZe from 0.8 to 2.0 mm. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0051] FIG. 1 is a diagrammatic representation of a por 
tion of a polymer scaffold showing two macropores de?ned 
by interrupted walls and struts discussed more fully below, 
the macropores being interconnected with each other by a 
macroporous interconnection. The two macropores are also 
connected to the surrounding macropores by microporous 
passageways (also referred to as micropores). These and 
several other terms used in the description of the polymer 
scaffold produced according to the present invention are 
de?ned herebelow. Scaffold: device designed as a cell carrier 
for tissue engineering or related applications. This device 
has preferably a porous morphology to be coloniZed by cells. 
In the present invention the scaffold has an open-pore 
morphology. Macropores: voids within the polymer scaf 
fold, delinated by interrupted walls and struts. The 
macropores typically have a diameter between 0.5 and 3.5 
mm. Pore walls: predominately formed from polymer struts 
that delineate the macropores but parts of the pore walls may 
be considered to be interrupted walls, i.e. small ?at or planar 
plates. This is consistent with the de?nition of trabeculae by 
Martin R B (in CRC Critical Reviews in Biomedical Engi 
neering, 10(3), 179-222, 1984), who described the trabecu 
lae of bone as “a complex system of interrupted walls and 
struts”. Webster’s New World Dictionary de?nes trabecula 
as “a) a small rod, bar or bundle of ?bers b) small septum 
of ?bers forming, with others of its kind, an essential part of 
the framework of an organ or part”. 

[0052] When the polymer struts form anisotropic bundles, 
in which microporous interconnections separate struts from 
each other in the same bundle, the structure of the pore wall 
is de?ned as “lamellar”. The struts may also exhibit isotropic 
morphologies in which the struts are widely separated from 
each other by mostly macroporous interconnections. Both 
lamellar and strut-like pore wall structures exhibit nanopores 
when sectioned. 

[0053] Micropororous interconnections (also called 
micropores or microporous passageways): Voids found 
in lamellar pore walls. Each strut or lamellae of poly 
mer is separated from each other by elongated, parallel 
pore structures called micropores. The siZe of these 
pores is less than 200 pm. Micropores contribute to the 
overall interconnectivity of the scaffolds. 

[0054] Macroporous interconnections (also called 
macroporous passageways): these are passageways 
between lamellar arrays of pore walls, or between 
polymer struts. They contribute mostly to the intercon 
nectivity of the macropores, and range in siZe between 
200 pm and 2 mm. 

[0055] Nanopores: Voids found in the bulk of the poly 
mer. Cross-sections of bulk polymer material, either 
from pore wall struts or pore wall lamellar structures, 
exhibit rounded concavities that may, or may not, 
perforate the entire polymer bulk material. These nan 
opores may result from trapped non-solvent within the 
bulk of the polymer, or from autocatalytic degradation 
of the bulk of the polymer. Nanopores are distributed in 
the walls of the scaffold. They only contribute to the 
overall interconnectivity of the macropores when they 
go through the entire bulk material. 
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[0056] Interconnections: the How passageways con 
necting the macropores with each other. The intercon 
nections comprise the macroporous interconnections 
(passageways), the microporous interconnections (pas 
sageways), and the nanopores that perforate the entire 
bulk material de?ned above. 

[0057] The present invention provides a macroporous 
polymer scaffold comprising macropores and interconnec 
tions. Macropores have a diameter in the range of 0.5-3.5 
mm, and interconnections as seen in trabecular bone. The 
morphology of the polymer scaffolds (also referred to as 
foam structures) disclosed herein is based on that of trabe 
cular bone. 

[0058] Trabecular bone has been shown to be metaboli 
cally the most active site in bone (as described by Rodan G 
A, in Bone 13, 53-56 1992). The speci?c open pore geom 
etry of trabecular bone favorably affects bone formation and 
resorption, and is therefore of considerable interest in the 
context of bone tissue engineering: indeed, the design of an 
ideal scaffold for bone tissue engineering should also allow 
fast bone formation and resorption. The morphology of bone 
trabeculae has therefore served as a model to create the new 
polymer scaffold structures disclosed herein. 

[0059] The architecture of the trabeculae of bone depends 
on the anatomic site where the bone is found and, to a lesser 
extent, on the age of the patient. 

[0060] As mentioned above, Martin R B (in CRC Critical 
Reviews in Biomedical Engineering, 10(3), 179-222, 1984) 
de?nes the trabeculae of bone as “a complex system of 
interrupted walls and struts” wherein the voids found 
between the trabeculae are called “marrow spaces”. The 
directions of the trabeculae are irregular; however, a global 
organiZation of the trabecular geometry is sometimes visible 
and follows the forces acting on the bone. Areas where 
trabeculae follow a given direction are anisotropic whereas 
areas where trabeculae are disposed randomly are isotropic 
(cf. FIG. 2). 
[0061] Whitehouse and Dyson (supra) as well as Martin 
(supra) described the porosity of the trabeculae bone in the 
femora in great detail. Table 1.1 indicates different porosities 
and trabecular width determined by Whitehouse and Dyson 
for all areas of the femora. 

TABLE 1.1 

Femoral trabecular bone porosity and trabeculae width. 

Porosity 
Area (% void/bone) Trabeculae width (mm) 

Medial 71.5 r 5.0 0.23 r 0.060 

Lateral 79.0 r 5.0 0.23 r 0.053 

Intertrochanteric arches 88.2 r 3.2 0.14 r 0.029 

Interior of 84.5 r 1.8 0.18 r 0.024 
Intertrochantric arches 
Greater Trochanter 90.5 r 1.0 0.31 r 0.026 

[0062] The structure of trabecular bone has been investi 
gated for trabecular width, porosity, anisotropy, and general 
patterns like connectivity and star volume. Light and scan 
ning electron micrographs published on trabecular bone 
indicate that the marrow spaces delineated by trabeculae (i.e. 
pores) range from one to several millimeters in siZe and are 
interconnected with holes ranging from approx. 0.3 to one 
millimeter. 
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[0063] When the use of the trabeculae produced of poly 
mer forming the present invention is for physiological 
applications, the polymer scaffold is preferably prepared 
from any biocompatible polymer. The term “biocompatible” 
as it is used herein is meant to encompass polymers Which 
are not toxic to cells and Which alloW cells to coloniZe 
thereon. Examples of suitable polymers include poly(lac 
tide), poly(lactide-co-glycolide) (PLGA) of varying ratios, 
polystyrene, poly(glycolide), poly(acrylate)s, poly(methyl 
methacrylate), poly(hydroxyethyl methacrylate), poly(vinyl 
alcohol), poly(carbonate), poly(ethylene-co-vinyl acetate), 
poly(anhydride), poly(ethylene), poly(propylene), poly(hy 
droxybutyrate), poly(hydroxyvalerate), poly(urethane)s, 
poly(ether urethane), poly(ester urethane), poly(arylate), 
poly(imide), poly(anhydride-co-imide), poly(aminoacids) 
and poly(phosphaZene). Biodegradable, aliphatic polyesters 
such as polylactic acid, and polymers derived therefrom, 
represent a particularly useful class of polymers in applica 
tions of the present scaffolds, Which relate to cell transplan 
tation due to the fact that they have already been approved 
for human clinical use. In this regard, a preferred polymer 
for use as scaffold is PLGA, particularly blends comprising 
more than 50% poly(DL-lactide) such as PLGA 85:15 and 
PLGA 75:25. 

[0064] Suitable applications for the present scaffolds Will 
vary With polymer composition and structure. For example, 
biodegradable polymer scaffolds are suitable for use in 
either, in vitro applications and/or in vivo cell transplanta 
tion. The matrices may serve then as supports or scaffolds to 
alloW cell groWth to occur in vitro prior to implantation in 
vivo. The scaffolds may also be used directly in vivo, 
Without being pre-seeded With cells. In both applications 
(With or Without prior cell seeding), biodegradable polymer 
matrices in accordance With the present invention are par 
ticularly useful for the groWth of three-dimensional tissue 
and may be used in the groWth of connective tissues, like 
bone, cartilage, paradontal tissue, as Well as dental tissues 
and other organs, such as liver or breast tissue. 

[0065] A signi?cant characteristic of the present polymer 
scaffold is the presence of macropores at least 50% of Which 
have a diameter Within the range of 0.5 to 3.5 mm, a range 
representative of that found in the human trabecular bone. 
Preferably, the macropores have a diameter of at least 1.0 
mm, and most preferably, the macropores have a diameter 
betWeen about 1.0 mm and 3.5 mm. 

[0066] In addition to its macroporous structure, the scaf 
fold is also characteriZed by a high level of interconnectivity 
Which enhances both penetration of the scaffold by cells and 
nutrient How to cells. Macroporous interconnections of at 
least 0.35 mm provide an “open cell” environment in the 
polymer scaffold, Which is important to encourage tissue 
groWth throughout the scaffold, i.e. three-dimensional tissue 
groWth. 
[0067] The macropores are delineated by porous polymer 
Walls that may or may not exhibit a lamellar structure. Total 
thickness of the pore Walls is no greater than about 0.4 mm, 
and preferably no greater than about 0.3 mm. The degree of 
interconnectivity in the pore Walls is dependent, upon other 
factors, of the processing temperatures. 
[0068] A suprising and unexpected result is that each 
macropore is in How communication With a signi?cant 
number of neighboring macropores via both macro- and 
microporous interconnections. 
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[0069] Scaffolds With different pore Wall structures 
obtained at different processing temperatures using this 
novel phase inversion particulate leaching process are 
described in the present document. 

[0070] The porosity of the polymer scaffold is at least at a 
level of 50% for all scaffolds obtained, as estimated using 
Northern Eclipse image analysis softWare and preferably at 
a level of greater than 50%. The level of porosity of the 
present polymer scaffold also contributes to the “open cell” 
nature thereof, resulting in signi?cant overlap betWeen 
macropores (giving rise to the macroporous passageWays) 
Which de?nes the highly interconnected nature of the present 
scaffold and further enhances its utility as a scaffold for cell 
groWth. In this regard, the level of porosity is preferably 
greater than about 75%, While the most preferred level of 
porosity is greater than about 85%. 

[0071] The features of the present scaffold make it par 
ticularly suitable for use in tissue engineering and more 
notably, cell transplantation, because it provides a biocom 
patible scaffold that cells can coloniZe in a three-dimen 
sional manner via the interconnected macroporous netWork 
of the scaffold. This is signi?cant When considering the 
transplantation of any cells that yield tissues, especially 
those requiring neoangiogenesis such as bone tissue. More 
over, When used for cell transplantation, the scaffold is 
biodegradable, the degradation of Which can be controlled 
such that cell groWth may be simultaneous With the degra 
dation of the scaffold. 

[0072] It Will be understood by those of skill in the art that 
the present polymer scaffold may be modi?ed in order to 
enhance further its properties for use as a scaffold for 
cellular groWth. Modi?cations typically effecting the struc 
tures used as support for cellular groWth Would also be 
suitable to modify the present polymer scaffold. Such modi 
?cations function to enhance biological response and 
include, for example, surface modi?cations With collagen, 
calcium phosphate, proteoglycans, proteins, peptides, car 
bohydrates and polysaccharides, or by acid/base treatment. 
Additionally, the polymer scaffold may serve as a reservoir 
for the delivery of active molecules, such as proteins, groWth 
factors, etc. that enhance cellular function. 

[0073] The present polymer scaffold can be made using a 
novel process Which combines particulate leaching method 
ology With phase inversion methodology. In an initial step, 
the selected polymer scaffold is prepared as a liquid poly 
mer. As used herein, the term a liquid polymer is meant to 
refer to polymer in liquid form, either alone or admixed With 
another liquid. This may be done by mixing the polymer in 
a solvent to form a polymer solution. Any solvent generally 
useful to prepare a polymer solution can be used for this 
purpose, including dimethylsulfoxide (DMSO), methylene 
chloride, ethyl acetate, chloroform, acetone, benZene, 2-bu 
tanone, carbon tetrachloride, chloroform, n-heptane, -hex 
ane and n-pentane. As one of skill in the art Will appreciate, 
non-cytotoxic solvents such as DMSO are preferably used to 
prepare the solution so as not to adversely affect cellular 
groWth. The concentration of the polymer in the polymer 
solution Will vary With the characteristics of the polymer 
used to make the scaffold. Alternatively, the polymer can be 
formed into a liquid polymer by heating to its melting point. 
















